Introduction
Throwing objects at visual targets is an acquired skill requiring practice and adjustment to be accurate. In skilled throwing, gaze fixates the target for one or more seconds (Vickers, 1994) and the subsequent throw is in the direction of gaze. Gaze direction is determined by the relative positions of eyes-in-head and head-on-trunk and throw direction (in the horizontal plane) by the positions of trunk in space and armon-trunk at the shoulder. A skilled throw requires coordination of the positions and movements of these body parts.
We have used prism adaptation (Kane and Thach, 1989 ) to study short-and long-term adjustments of the gaze-throw angle. First, we examined the specificity of adaptation with respect to the body parts involved. We asked whether the adaptation was private to the trained hand (right) or whether there was carry-over to the untrained hand (left). Next, we examined the specificity of adaptation for different types of throwing. We asked whether the adaptation was specific for a trained overhand throw or whether there was carry-over to an untrained underhand throw. Last, we examined the storage © Oxford University Press 1996 capacity for adjustments of eye-hand coordination. We asked whether subjects could store two gaze-throw calibrations and whether they would be able to use them interchangeably.
These results with those of the previous paper suggest that the plastic relationship between gaze direction and throw direction is controlled by the cerebellum. Gaze-throw adjustment would be a particular instance of the more general cerebellar role in coordinating movements of many body parts. Portions of this work have been presented previously in brief (Kane and Thach, 1989; Thach et al., 1992a Thach et al., , b, 1995 Martin et al., 1993) .
Methods Subjects
Control subjects were healthy, unpaid adult volunteers with no history of neurological injury and were naive to the purpose of the experiments. Ten normal subjects (mean age±l SD = 32.9± 10.1 years; range 25-54 years) participated in the right hand-left hand experiment; another 10 normal subjects (mean age± 1 SD = 30.6±7.5 years; range 22^44 years) participated in the underhand-overhand experiment. Two other controls (aged 22 and 24 years) participated in the skill acquisition study over the course of 6 weeks.
The tasks
Prism-adapted throwing and measurement of the 'negative after-effect' (Weiner et al., 1983) has been described in the preceding paper . Subjects participating in the right hand-left hand, underhand-overhand, and alternating prism-no prism paradigms viewed the target binocularly ( Fig. 1A ) through 30 diopter, Fresnel 3M Press-on plastic lenses (3M Health Care, Specialties Division, St Paul, Minn., USA) mounted base-right in safety glasses. As in the previous paper , subjects were tested while they threw clay balls at a target (8X8 cm 2 square drawn on a large sheet of parcel paper) centred at shoulder level 2 m in front of them.
Right hand and left hand throwing
In an experiment designed to test for possible transfer of prism training from one arm to the other, subjects executed the following paradigm, (i) A pre-prism set of throws with clay balls was recorded for each hand, (ii) Subjects then put on 30 diopter, base-right, Fresnel prisms and threw with their right hand until the point of impact repeatedly fell close to the centre of the target, (iii) Subjects then removed the prisms and threw with the untrained left hand, (iv) Still without prisms, they again threw with the trained right hand. Subjects had an unobstructed view of the target at all times and were asked to throw where they saw the target. They were asked not to look at their hands when they were handed the clay balls and during the throwing. To see if there was transfer of the training effect from the adapted right hand throw to the untrained left hand throw, we looked for a statistically significant negative after-effect in the latter. A Mann-Whitney U test (special tables for small V; Darlington, 1975) was used to calculate the significance of any deviations of the first three left hand (and right hand) post-prism throws from their respective pre-prism throws (the last eight throws made with the same hand before donning prisms). As in the preceding paper , we shall hereafter refer to this simply as a 'significant after-effect'.
Overhand and underhand throwing
In a similar paradigm, underhand and overhand throwing with the same hand were used to test for possible transfer of prism adaptation from the one task to the other. First, (i) pre-prism sets of overhand and underhand throwing were recorded, (ii) Then, subjects put on the prisms (30 diopters, base-right, Fresnel lenses) and adapted their overhand throws until the point of impact repeatedly fell close to the centre of the target, (iii) Subjects then removed the prisms and threw underhand. Finally, (iv) still without prisms, subjects again threw overhand. To see if there was transfer of the training effect from the adapted overhand throw to the untrained underhand throw, we looked for a significant aftereffect in the latter. A Mann-Whitney U test was used as above to calculate the significance of any post-prism deviations of the first three underhand (and overhand) throws from their respective pre-prism baseline throws.
Long-term training with and without prisms
Two subjects each threw tennis balls over a distance of 2.5 m back and forth to each other each day, for 4 days per week. Each subject wore 30 diopter base-right Fresnel prisms or no prisms in alternate 50 throw sets, until each had thrown and caught 200 times with and 250 times without prisms. The one starting with prisms finished with two sets of 50 throws without prisms; the one starting without prisms finished with one set of 50 throws. The first to wear prisms each day was alternated. On the fifth day, performance was measured by recording 25 throws without, 100 throws with, and 50 throws without prisms. This routine was continued for 6 weeks: weekly totals were 900 throws with and 1075 throws without prisms; totals for the 6-week period, 5400 throws with and 6450 throws without prisms for each subject. 
Kinematics of gaze-throw coordination after long-term training.
At the end of the 6-week period the horizontal angles of eyes-in-head, head-on-trunk and trunk-on-arm throwing with and without prisms were calculated. Each subject was videotaped from overhead at 60 fields (30 frames) per second while throwing before, during and after donning 30 diopter, base-right Fresnel prisms. Reflective markers were placed on the front and back of the head and on the tops of both shoulders. The video was digitized and analysed using a Peak Performance Motion Analysis System. Reflectors marked the major axes in the horizontal plane of head (sagittal) and shoulders (transverse). Just prior to each throw, when the hand was at its most posterior position and the wrist cocked, these axes were measured and used to calculate relative changes in each of the three angles eyes-in-head, head-ontrunk and trunk-on-arm while throwing before, during, and after wearing prisms. Knowing (from above) the position of the head-in-space with respect to the target and the angular deviation of the optic path by the prisms (with subjects foveating the target) we calculated the horizontal positions of the eyes-in-head before, during and after prism use. The head-on-trunk angle was calculated from the intersection of the line connecting the two head markers and the line connecting the two shoulder markers. A 90° angle between these two lines was normalized to a 0° value for the head-on-trunk angle. The trunk-on-arm angle was calculated from the shoulder-to-shoulder line and the shoulder-to-hit location line. A 90° angle between the shoulder-to-shoulder line and the shoulder-to-target centre was normalized to a 0° trunk-on-arm angle. Figure IB shows the horizontal location of the points of impact before, during and after prism adaptation in relation to the target. Figure 1C is a diagram of the gaze-throw relationships as the subject undergoes prism adaptation. (I) shows the normal gaze-throw calibration with the throw in the same direction as gaze. (II) shows gaze shifted by the prisms to the left with throws in the same direction as gaze and points of impact missing the target to the left. (Ill) shows gaze still shifted to the left but the throw has adapted in a rightward direction towards the target. (IV) shows gaze ontarget with prisms removed, but the adaptation persists with throws still to the right of gaze, missing the target to the right-the 'negative after-effect' (Weiner et ai, 1983 ). (V) shows gaze and throw both on-target; the calibration has readapted to normal.
Results

Prism adaptation of the gaze-throw angle
Right hand and left hand throwing: specificity of adaptation to the trained hand
Before wearing prisms subjects threw first with the left and then with the right hand ( Fig. 2A) . Donning prisms, subjects threw with the right hand. Initial impacts were in the direction of the prism-displaced gaze but with repeated throws shifted gradually toward the target. After removing the prisms the subjects threw with the untrained left hand. The impact points were all close to the target centre, without significant aftereffect. Finally, the subjects threw again with the trained right hand, without prisms. There was a significant after-effect, which had persisted despite use of the left hand and which required repeated right hand throws before they gradually returned to the target. Figure 2B is a summary of impact points across subjects, hands and prism conditions. Circles represent the means for each subject for the last eight pre-prism throws before donning, and the first three post-prism throws after removing, the prisms for each hand. Filled circles represent left hand throws and empty circles, right hand throws. Lines connect means of pre-prism throws to means of post-prism throws. Vertical bars represent ± 1 SD. There was a significant and large after-effect for all post-prism right hand throws (empty circles) and no significant after-effect for all left hand throws (filled circles).
The after-effect for the prism-trained right hand was significant across all subjects (Mann-Whitney U test). There was no significant after-effect for the prism-naive left hand in any subject. For the right hand, the difference between the mean of the pre-prism throws and the mean of the postprism throws was significant for all subjects (one-tailed Student's t test; t = 5.49, d.f. = 18, P < 0.0001). The direction of after-effect displacement for the right hand throws was always consistent with expected deviation. For the left hand, there was no significant difference between the mean of the pre-prism throws and the mean of the postprism throws (one-tailed Student's t test; t = 0.767, d.f. = 18, P > 0.05). In summary, there was no transfer of adaptation to the untrained left hand.
Overhand and underhand throwing: specificity of adaptation to a particular trained act
On donning prisms all subjects adapted the overhand throw. For five subjects (four are shown in Fig. 3A -D) the subsequent post-prism underhand throw showed no significant aftereffect (Mann-Whitney U test) while the subsequent postprism overhand throws did (Mann-Whitney U test). The overhand significant after-effect persisted despite intervening post-prism underhand throws. Overhand throws then readapted with repeated throws. In another three subjects (two are shown in Fig. 3E and F) results were similar except for transfer of the overhand adaptation to the first subsequent underhand throw. Two of these three subjects showed significant after-effect in the underhand throws (MannWhitney U test). The transferred after-effect disappeared with the second throw. Yet in these three subjects, as in the first five, prior overhand adaptation survived intervening underhand throws and appeared as a significant after-effect in subsequent overhand throws (Mann-Whitney U test). Fig. 3 Relative specificity of prism-adapted overhand throwing in individual subjects. (A-D) There was no transfer to underhand throwing in five out of ten subjects (four shown here). (E and F) There was transfer to the first underhand throw in three out of ten subjects (two shown), and (G and H) greater transfer in two out of 10 subjects. In all graphs the throwing order is pre-prism underhand, pre-prism overhand, prism-overhand, post-prism underhand and post-prism overhand.
The overhand after-effect readapted only after repeated overhand throws.
Two of the 10 subjects ( Fig. 3G and H) showed no specificity of training. They showed significant after-effect in both underhand and overhand throws (Mann-Whitney U test). The underhand after-effect disappeared with repeated underhand throws. Yet the overhand after-effect persisted. In one subject (Fig. 3G) , the overhand after-effect though significant was small. In the other subject (Fig. 3H) , the underhand and overhand after-effects were approximately equal in magnitude. Both subjects required subsequent overhand throwing to readapt.
Long-term training with and without prisms: acquisition and storage of a second gaze-throw calibration
With subjects practicing over 6 weeks the first throws with prisms and the first throws without hit progressively closer to the target, ultimately hitting it. Figure 4A shows one subject's initial prism training session; adaptation and significant aftereffect are apparent. After 6 weeks' training the subject's initial prism and post-prism throws are almost indistinguishable from pre-prism throws (Fig. 4B) . The subject had stored a second gaze-throw calibration ('known-prisms' calibration) and could use it instantly and interchangeably with the 'no-prism' normal calibration. Figure 4C shows the gradual reduction of throwing error while alternating prisms and no-prisms in both subjects. The subjects' pre-prism throws moved to the left until they were centred about the target by week 5 (last 15 throws from each subject before donning prisms are represented by small black dots; the means± 1 SDof the pre-prism throws from both subjects are represented by bars). The initial deviation to the left upon donning prisms (average of first three throws upon donning prisms for both subjects; triangles) and the negative after-effect (average of first three throws upon removing prisms for both subjects; large filled circles) both moved closer to preprism performance until falling close to the target by the fifth week of practice.
The location of these initial impact points, plotted against time and number of throws, approximated exponential decay curves similar to those seen for adaptation . As in the adaptation curves, the rate of change of slope (the decay constant) represented the rate at which the subject acquired the behaviour. For the two subjects in Fig. 4 , this value was 1.4 weeks for acquisition and 2.4 weeks for the negative after-effect. To distinguish this rate measure from that of adaptation (AC; Martin et al., 1996) , we have called the rate measure for the second type of curve a learning coefficient (LC).
Both subjects were tested for retention of this newly acquired skill at 9, 18 and 27 months after the end of the 6-week training period without any other intervening exposure to the prisms. Both subjects showed nearly complete retention of this ability (Fig. 4C) .
Cuing context for retrieval of stored calibrations
We next asked how the subjects accessed the no-prism and known-prism calibrations and whether the prism goggles themselves provided the contextual key. After the two subjects had practiced for 6 weeks with 30 diopter base right prisms (the known prisms), we substituted 'novel' prisms for the known prisms. The novel prisms were 30 diopter, base left, in the same type of frames as the known prisms. The subjects did not indicate at the time or afterwards that they recognized the switch had taken place before their first throw. The results of their throwing under no-prisms, known-prisms, and novelprisms conditions are shown in Fig. 5 . At (A) subjects threw on target while wearing no prisms (empty circles). At (B) with novel prisms (squares), the gaze was directed ~17° to the right, and the throw 34° (~100 cm instead of the appropriate 50 cm) to the right. This suggested that the novel prisms deflected the gaze appropriately, but called up the now-inappropriate known-prisms gaze-throw calibration. During the adaptation with subjects wearing novel prisms (B and C), a break in the curve was seen for both subjects at about the same half-way point. Both subjects required a number of throws to adapt this deviation but finally threw on target (C). A negative after-effect of 50 cm leftward shift was seen both at (D) when the subject threw without prisms (one test-throw; filled circle) and at (E) (one test-throw and subsequent, repeated throwing; triangles) when the subject threw with the original, familiar prisms. Both subjects required a large number of throws while wearing known prisms to readapt the novel-prisms after-effect seen in both the no-prisms and the known-prisms single test throws. After readapting (F) both subjects retained the learned ability to shift back and forth between no-prisms and known-prisms conditions and hit the target in the centre (G and H). In these two subjects under these conditions of training, readapting the novel-prisms after-effect while wearing known prisms ( Fig. 5E and F ) served also to remove the novel-prisms aftereffect from the no-prisms calibration.
The two gaze-throw calibrations that have come to be stored simultaneously are indicated by the arrows below the graph in Fig. 5 . At (A) the subject was using his normal noprisms gaze-throw calibration (throw in the direction of gaze). The context of donning prisms (B) caused the subject to access his known-prisms calibration (throw 17° to the right of the direction of gaze). The known-prisms calibration, however, added to the deviation in gaze produced by the novel prisms causing a 'double' deviation to the right of the target. Figure 6A and B shows for each subject the angular positions of head-in-space, shoulders-in-space and spatial location of each impact for the 25 throws before donning prisms, the first 25 throws after donning known prisms, and the first , the subject's first throw was immediately on target upon donning and removing the prisms. (C) Learning a second gaze-throw calibration over 6 weeks' practice in both subjects. Large filled triangles show the average of the first three throws upon donning prisms for both of the subjects. Large filled circles show the average of the first three throws after removing prisms for both subjects (negative after-effect). Small filled circles show the horizontal deviation of pre-prism throws (15 throws before donning prisms for each subject). The mean± 1 SD of these control throws is shown by the large bars. The subjects changed their gaze-throw calibration over time and practice until they threw near the centre of the target for the first throw after donning and removing prisms. The subjects still retained the two calibrations 9, 18, and 27 months after the last training session. The rate constants of exponential decay functions fitted to the data serve as a measure of the speed of acquisition of the skill.
Kinematics of throwing after having acquired a second gaze-throw calibration
25 throws after removing them as measured at the end of 6 weeks. In Fig. 6C and D the adaptive changes in angular position of eyes-in-head, head-on-truhk and trunk-on-arm are shown. These values were calculated knowing the angular position of eyes-in-space (calculated from known foveation on the target and the prism diopter) and the position of target impact (= angular direction of throw; see Methods).
In Fig. 6A , the first subject moved the head left in space -8° and the shoulders cross-axis left in space ~6° after donning prisms. Impact locations while wearing prisms showed ~3° of adaptation and -2° of negative after-effect. In Fig. 6C the prisms shifted gaze to the left by 17°. At the end of 6 weeks of practice, the angle between gaze and throw was composed of 9° of eyes-in-head, 2° of head-ontrunk, and 6° of trunk-on-arm. In Fig. 6B the second subject moved the head left in space 
after adapting to 'novel' prisms, (D) one throw while wearing no prisms, (E) when first donning 'known' prisms, (F) after readaptation to previous behaviour while wearing 'known' prisms, (G) while wearing no prisms, (H) one final throw while wearing 'known' prisms. Throw direction and inferred gaze direction are represented by arrows below the graph. Capital letters beneath the arrows indicate instances in time during the prism adaptation paradigm described above.
-10° and the trunk cross-axis left in space ~5° after donning prisms. Impact locations while wearing prisms were more scattered than for the other subject, and there was little or no adaptation or negative after-effect. In Fig. 6D , the prisms shifted gaze to the left by 17°. At the end of 6 weeks of practice, the angle between gaze and throw was composed of 7° of eyes-in-head, 5° of head-on-trunk, and 5° of trunkon-arm.
Discussion
The terms 'motor adaptation', 'motor learning' and 'motor skill' are often used, sometimes without definition or distinction between them and usually without knowledge of brain parts or mechanisms responsible for their acquisition, storage and retrieval. It has been suggested that the cerebellum plays a role in motor adaptation and in motor learning, although such a role has been disputed. Those who accept that the cerebellum plays a role in motor adaptation and motor learning do not agree on the possible mechanisms. It is generally agreed that the cerebellum plays a role in the fine control and coordination of movement performance. However, it has not been agreed whether the mechanism is at the level of modulation of motor neuron and muscle firing rates so as to control a particular movement parameter or at the level of novel combinations of downstream elements so as to create and initiate novel movements, or both (Thach et al., 1992a) . In this discussion, we define and relate these terms and concepts. We contend that they are indeed systematically interrelated.
Prism adaptation: what is adapted?
Helmholtz (1867) first described both the adaptation and the after-effect in arm reaching movements in subjects reacting to prism-induced lateral visual displacement. Held and Hein (1958) , Harris (1963) and Kohler (1964) have shown that prism adaptation produces changes in proprioceptive, visual, visuomotor and motor processes depending on several variables that include testing conditions and availability and type of visual feedback. In addition, prism adaptation has been shown to affect those processes which maintain normal hand-eye calibration (Held and Bossom, 1961; Welch, 1974; Prablanc et al., 1975; cf. Kornheiser, 1976) . Kane and Thach (1989) described wedge prism adaptation of throwing objects at visual targets. We continued these studies to obtain further knowledge of its mechanism. It has long been questioned whether prism adaptation, i.e. changes in bodily movement resulting from wearing laterally displacing prisms, is fundamentally visual ('felt direction of gaze', Craske, 1967; visual perception, Kohler, 1964) , proprioceptive ('felt position of the arm', Harris, 1965) , cognitive ('straight-ahead shift', Harris, 1974) , sensorimotor (Held and Freedman, 1963) or motor. Multi-component models based on several of these hypotheses have been supported by some investigators (e.g. Redding and Wallace, 1988) .
Our observations are most simply interpreted as a change in the angle in the horizontal dimension between the direction of gaze and the direction of throwing. In throwing and hitting tasks where gaze has been monitored (Vickers, 1992 (Vickers, , 1994 fixation of gaze on the target is the rule. Our instruction to foveate the target, and the demands of the task performance to do so, require that the direction of gaze be determined by the diopter of the prisms. If the adaptation were within the visual system, one might have expected carry-over of prism after-effects to all the movements tested. Yet there was no hand-to-hand transfer. If the adaptation were within the proprioceptive system, using the same limb and the same or similar sets of muscles, the change might have been expected to transfer from overhand to underhand throwing. Yet there was no systematic transfer.
We define motor adaptation as a modification of movement in which three criteria are satisfied: (i) the movement retains its identity as being of some particular pattern of muscle activation or end result (i.e., 'throwing') but changes with regard to some parameter or set of parameters (e.g. force, velocity, endpoint, or direction of the movement); (ii) the change occurs only with repetition of the behaviour and is gradual and continuous; (iii) once adapted, subjects cannot retrieve the prior behaviour; instead they must change the adapted behaviour with practice in the same gradual, continuous manner back to the prior state.
The adaptation of throwing by laterally displacing prisms has these properties. The normal relation between the direction of gaze and the direction of throwing is an adjustable calibration: it is developed and maintained through practice. Subjects newly introduced to prisms must adapt their prior calibration to hit the target. The adaptation occurs gradually and continuously with practice. Following complete adaptation subjects retain the new calibration and cannot immediately return to the old calibration. Instead, they must practice, and only then do they show a gradual change in their gaze-arm relationship as they redevelop their prior calibration.
The outcome of the performance and its adaptation are revealed in the time-course of change of the spatial distances between the target and the impact location of the thrown object. In turn, this record is a measure of the direction of gaze (always on the perceived target) relative to the throwing angle of the arm. The throwing synergy of the arm and hand is a complex function across many muscles and joints. The synergy is relatively constant across trials (Becker et al., 1990) . But what is actually adapted is simpler and is confined to the relative positions of eyes-in-head, head-on-trunk and trunk-on-arm. Under the conditions of our testing in which the subject initially faces (eyes, head and trunk) the target, all that need vary is the angle between direction of gaze and direction of throw. This angle can be determined by eye position in head, or head position on trunk, or trunk position on arm at the shoulder or by various combinations of these. Different individuals appear to use different combinations although any one individual tends to use a constant combination.
Is adaptation volitional or automatic?
Volitional strategic corrections can and do occur, particularly if instructions are not explicit and repeated. Even then, by excluding those throws while wearing prisms which lie outside the curve. A piece of the curve passing through the prisms-on data has been transposed to the outlying data points to demonstrate the adaptive trend of these points.
occasional subjects will disobey the instructions. One such subject, after the first prism throw, perceived the error and went against the instruction to 'throw where you see the target'; instead he threw to a calculated target location (Fig.  7) . This subject threw close to the centre of the target before donning the prisms and the first throw with the prisms (trial no. 13) hit -40 cm to the left of centre in the direction of the deviated gaze. However, the subsequent throw was exactly on target. Nonetheless, ensuing throws hit progressively to the right of the target up to trial 19. At this point, the subject was told again 'Throw to where you see the target, not to where you think the target actually is.' The next throw hit -25 cm to the left of the target. Subsequent throws tended to fall progressively rightward toward the centre of the target. This rightward trend was similar to the rightward trend of the throws before the above instruction was given (trials 14-19). Evidence of a true adaptation again came when the lenses were removed: the first throw (trial 36) was almost 30 cm to the right of centre. The subject required several trials to recalibrate his gaze-throw calibration back toward the centre of the target.
The data suggest that the volitional strategic correction and an automatic adaptive change may have been working simultaneously and independently. Subtracting the throws where the subject appeared to be making a volitional correction (trials 14-19), taking the first throw with prisms and the rest of the adaptation data, and fitting them with an exponential decay curve gave a result similar to that of the subject in Fig. 1 . Then, taking a piece of that calculated curve (continuous line) and superimposing it (as a dashed line) through the subtracted data points in their original position shows how well they lie on the curve that describes a gradual change parallel to that for the rest of the adaptation data. In this analysis, the offset of the subtracted data represents the volitional correction, the fit of that data to the curve represents the automatic adaptation, and the occurrence of the two together without interaction illustrates the apparent parallelism and relative independence of the two systems.
However, the question of whether the behavioural modification is a volitional shift of strategy or an automatic adaptive process is best answered by the failure of all subjects to hit the target centre after removal of the lenses. Instead, there is the overshoot in the opposite direction of approximately the same magnitude as that displacement occurring after donning the lenses. The unpremeditated and unanticipated after-effect is not a voluntary strategy. In fact, the first throw after removing prisms is the only post-prism throw demonstrably without cognitive interference (Weiner et al., 1983) . The after-effect is therefore (for the most part) the product of an automatic, subconscious process. That process compensates for the error introduced by the prisms and can change back to the original calibration only with practice. The process is adaptive by definition. Finally, the smoothness, regularity and repeatability of the exponential decay curves fitted to the normal prism adaptation data suggest that this behaviour reveals the working of some fundamental adaptive mechanism rather than that of an abrupt volitional shift of strategy.
Privacy of storage sites for body part and task
Prism adaptation during throwing did not transfer between trained and untrained hands. Prablanc et al. (1975) showed that in reaching, each arm can be prism-adapted independently, in opposite directions. Early studies by others had revealed that hand-to-hand transfer during prism adaptation of reaching is present only under certain conditions: freedom of the head to move (Harris, 1963; Hamilton, 1964) , viewing of the moving hand only at the end of a ballistic movement ('terminal exposure'; Cohen, 1967) , and spaced distribution of practice (Taub and Goldberg, 1973; Choe and Welch, 1974) . Although our task constraints allowed head movement and the prism-exposed throwing hand was only briefly seen at the end of a throw, the adaptation effects were specific to the arm used during prism adaptation, as in the study of Prablanc et al. (1975) . One explanation for the discrepancy in results may be that most arm reaching movements are slow enough to be controlled in a closed-loop manner (Jeannerod, 1988) , while throwing is too quick for feedback control (open-loop) and must be pre-programmed. One author has suggested that there is a difference in locus of prism adaptation in slow (proprioceptively controlled) and fast (pre-programmed) arm movements (Baily, 1972) .
We also found that there was no overhand-to-underhand transfer in half of our subjects. In three subjects there was transfer to the first underhand throw only; in two subjects there was transfer to the underhand throwing like the carryover to overhand throwing. One earlier study suggested incomplete specificity for prism adaptation between two different movements with the same arm (Freedman et al., 1965) . These authors found that after-effects of exposure with sagittal arm movements transferred almost completely (85%) to transverse arm movements. However, after-effects transferred from transverse to sagittal arm movements to a lower degree (62%). In our study, the adaptation appeared to be more specific to the adapted movement.
Adaptation of one versus acquisition of a second gaze-throw calibration
In this study two subjects learned to store more than the one gaze-throw calibration. They showed nearly complete retention after 9, 18 and 27 months. McGonigle and Flook (1978) also demonstrated learning of prismatic effects in humans who reached with terminal feedback of hand position to five different targets during prism exposure. However, their subjects learned the prismatic distortion more rapidly than ours (five training sessions for their subjects versus 20 for our subjects to reach pre-prism levels). This difference in time course of motor learning may be due, in part, to differences in the tasks. First, although they do not analyse it in their paper, examination of their fig. 1 shows that initial deviation for their subjects after donning prisms was 8 cm (reaching) versus 50 cm in for our task (throwing). A smaller deviation in pointing errors may fall into pre-prism performance values more quickly than a larger deviation which may require more time for total compensation. Secondly, compensation for prismatic deviation may be more rapid in a task that allows for feedback during a movement (e.g. reaching movement) than a task which is open-loop (throwing). More recently, Welch et al. (1993) have induced 'dual adaptation' in subjects exposed to 10 alternating prism exposures on 1 day of training. However, their short, 1 -day training procedure and their failure to test for retention of the new gaze-arm relationship place into question the equivalence of this study to that described above or to the present study.
Our 'trick' presentation of the novel prisms in place of the known prisms suggests that the context of donning prisms is sufficient for these subjects to access the stored knownprisms calibration. The no-prisms calibration guided the throw in the direction of gaze; the known-prisms (30 diopter, base right) calibration guided the throw ~17° to the right of the direction of gaze. When the subjects donned 'novel' 30 diopter base left prisms (which they assumed were the known 30 diopter base right prisms) gaze was directed -17° to the right of target, and the throw used was directed by the stored calibration as if for the known prisms, and hence was ~17°t o the right of gaze (34° to the right of target). This error was equivalent to the error that which would be induced by 60 diopter prisms.
When the subjects adapted to the 'novel' prisms, the aftereffect carried over both to the no-prisms performance and to the known-prisms performance. Yet, readaptation of the one also readapted the other. After the readaptation, each subject retained both the no-prisms calibration and the known-prisms calibration. Short-term adaptation in these subjects appeared to influence a common site that was capable of carrying several independent long-term calibrations for the behaviour. With prolonged training, multiple calibrations may be stored simultaneously with each calibration being immediately accessible.
The pattern of the prism-acquired gaze-throw calibration as revealed in the relationships between the eyes-in-head, head-on-trunk and trunk-on-arm angles was different for different subjects and varied even within each subject. Given the variability and inter-dependency of the different parts of the body involved, the stereotypy of the throwing results is even more striking.
The definition of adaptation, as presented above, is not adequate to describe the added capacities of (i) acquisition and storage of a second gaze-throw calibration and (ii) immediate access to, and retrieval of, either calibration. For this increased capacity others have often used 'skill acquisition' (cf. Adams, 1987) . According to Adams (1987) the acquisition of motor skill is a process in which an accurate and rapidly accessible motor performance is learned through practice and is often retained for years. This definition seems appropriate here.
